Paclitaxel is one of the most effective chemotherapy drugs for advanced cervical cancer. However, acquired resistance of paclitaxel represents a major barrier to successful anticancer treatment. In this study, paclitaxel-resistant HeLa sublines (HeLa-R cell lines) were established by continuous exposure and increased autophagy level was observed in HeLa-R cells. 3-Methyladenine or ATG7 siRNA, autophagy inhibitors, could restore sensitivity of HeLa-R cells to paclitaxel compared with parental HeLa cells. To determine the underlying molecular mechanism, differentially expressed proteins between HeLa and HeLa-R cells were identified by two-dimensional gel electrophoresis coupled with electrospray ionization quadrupole time-offlight MS/MS. We found glycolysis-associated proteins were upregulated in HeLa-R cell lines. Inhibition of glycolysis by 2-deoxy-D-glucose or koningic acid could decrease autophagy and enhance sensitivity of HeLa-R cells to paclitaxel. Moreover, glycolysis could activate HIF1-a. Downregulation of HIF1-a by specific siRNA could decrease autophagy and resensitize HeLa-R cells to paclitaxel. Taken together, a possible Warburg effect activated HIF1-a-mediated signaling-induced autophagic pathway is proposed, which may provide new insight into paclitaxel chemoresistance.
Cervical cancer, a common malignant tumor, is an vital cause of morbidity and mortality among women worldwide. 1 Paclitaxel, the targets of which are the microtubules of cancer cells, is one of the most useful anticancer drugs against cervical cancer.
2 Paclitaxel can destroy the dynamic equilibrium of tubulin between soluble dimers and polymerized form to make the microtubule structure stable. In addition, it is a strong inhibitor of chromosomal replication by obstructing tumor cells in the mitotic phases or late G2. 3 However, acquired chemoresistance to paclitaxel obviously limits the successful treatment of cervical cancer. One main explanation on tumor cell resistance to paclitaxel is the overexpression of P-glycoprotein (P-gp, MDR-1), which works as a drug efflux pump. However, clinical utility of P-gp inhibitors are often ineffective or toxic at the doses required to attenuate P-gp function. [4] [5] [6] Other possible mechanisms of action contain alterations in the drug-binding affinity of the microtubules, 7 changes of tubulin structure and cell cycle deregulation. [8] [9] [10] [11] Thus, paclitaxelresistant mechanisms are complicated and still not entirely clear until now.
As a self-proteolysis procedure in almost all eukaryotic cells, autophagy activated by adverse cellular environment contributes to the breakdown of intracellular components within lysosomes to supply an alternative source of energy and thus sustain cell survival. 12, 13 However, it has been shown that cell death could be inhibited by suppressing expression of some vital autophagy-associated genes, underscoring the functional role of autophagy in the cell death. 14, 15 Several important autophagy-associated proteins, such as Beclin 1 and PtdIns3K class I, have important roles in the control of both autophagy and apoptosis. [16] [17] [18] Thus, the function of autophagy has been described as a double-edged sword that can work both as a protector and killer of cells, which depends on the developmental stage of the disease or the surrounding microenvironment. 19 It has been reported that anticancer treatment (such as radiotherapy, chemotherapy and molecular targeted therapy) could induce autophagy in cancer cells. In addition, impaired autophagy could make cancer cells sensitize to these therapies, indicating a hopeful strategy to better the efficacy of cancer treatment. 11, [20] [21] [22] However, few studies on the underlying molecular mechanism of chemoresistance-associated autophagy were carried out.
In this study, increased levels of autophagy were observed in paclitaxel-resistant HeLa sublines (HeLa-R cell lines). 3-Methyladenine (3-MA) or ATG7 siRNA, autophagy inhibitors, restored sensitivity of HeLa-R cells to paclitaxel. In addition, a group of metabolic proteins with significant alteration were identified by proteomics, which may suggest the switch of cellular metabolism from tricarboxylic acid cycle to glycolysis. Moreover, inhibition of glycolysis by 2-deoxy-D-glucose (2-DG) or koningic acid (KA) could inhibit autophagy and enhance sensitivity of HeLa-R cells to paclitaxel. In addition, HIF1-a could be activated by glycolysis and HIF1-a siRNA could decrease autophagy and resensitize HeLa-R cells to paclitaxel. In conclusion, a possible Warburg effect activated HIF1-a-mediated signaling-induced autophagic pathway is proposed, which may provide new insight into paclitaxel chemoresistance.
Results
Characterization of paclitaxel-resistant HeLa-R cells. MTT and neutral red uptake assay were performed to confirm resistance to paclitaxel. The inhibitory concentration 50 (IC50) value for HeLa parental cells was as low as 1.87 nM paclitaxel. However, the IC50 value (29.06 nM) of HeLa-R cells for paclitaxel was far higher than in HeLa cells, indicating approximately 16-fold greater resistance. Examples of the concentration-response curves are shown in Figures 1A and B. Clonogenic assay showed 2 nM paclitaxel obviously inhibited cell proliferation in HeLa parental cells ( Figure 1C ), while no statistically significant differences were found in the number of HeLa-R cells after treatment with 2 nM paclitaxel ( Figure 1D ).
The quantitative analysis of sub-G1 cells by flow cytometry was carried out to estimate the number of apoptotic cells. HeLa parental cells treated with 2 nM paclitaxel for 48 h had an obvious sub-G1 peak compared with the untreated group. However, HeLa-R cells treated with 2 nM paclitaxel did not have a conspicuous sub-G1 peak ( Figure 1E ).
In order to study the role of P-gp in paclitaxel resistance of HeLa-R cells, the expression of P-gp was examined by western blot. No difference in protein expression level was observed between HeLa and HeLa-R cells (data not shown). Moreover, inhibition of P-gp by verapamil (verap) could not restore HeLa-R cells sensitivity to paclitaxel ( Figure 1F ). Thus, in this study P-gp did not have an important role in paclitaxel resistance of HeLa-R cells. were observed in HeLa-R cells by a fluorescence microscope, whereas it could not be seen in HeLa parental cells (Figure 2b ).
LC3-I protein (18 kDa) can be cleaved by autophagic stimuli to LC3-II (16 kDa), which is localized in autophagosome. As shown in Figure 2c , LC3-II protein was detectable in HeLa-R cells, whereas the expression of LC3-II was undetectable in HeLa parental cells. Furthermore, western blot analysis indicated that P62 (also called SQSTM1, it is degraded when autophagy is induced and may be used as a marker to study autophagic flux) was downregulated, while Beclin 1, Atg7 and Atg12-Atg5 conjugate were upregulated in HeLa-R cells compared with HeLa parental cells (Figure 2c ). These data showed that autophagy was activated in HeLa-R cells.
Inhibition of autophagy restored HeLa-R cells sensitivity to paclitaxel. In order to study whether autophagy results in chemoresistance of HeLa-R cells, we treated HeLa-R cells with 3-MA (a widely used autophagy inhibitor, specific inhibitor of PI3K) to inhibit autophagy, then assessed the cells sensitivity to paclitaxel. Both data from electron microscopy and LC3 immunofluorescence showed that 3-MA (5 mM) effectively inhibited autophagy activation of HeLa-R cells ( Figure 3A ). Corresponding to decreased autophagosome, apoptosis was markedly enhanced in 3-MA plus paclitaxel-treated group, compared with treatment with paclitaxel alone (2 nM), 3-MA alone (5 mM) and PBS control ( Figure 3B ). Cell viability and number of HeLa-R cells were also significantly reduced in 3-MA plus paclitaxeltreated group compared with treatment with paclitaxel alone (2 nM), 3-MA alone (5 mM) and PBS control ( Figures 3C and D) .
In order to further confirm inhibition of autophagy could restore HeLa-R cells sensitivity to paclitaxel, we used ATG7 siRNA to inhibit autophagy. ATG7 silencing by siRNA can inhibit the generation of autophagosomes, and thus prevent the induction of autophagy. 23 As shown in Figures 3E and F, cell viability and number of HeLa-R cells were also significantly reduced in ATG7 siRNA plus paclitaxel-treated group compared with the controls.
In addition, parental HeLa cells were tested for response to 3-MA and ATG7 siRNA. As shown in Figures 3G and H, cell viability and number of HeLa cells were not significantly reduced in 3-MA plus paclitaxel-treated group compared with treatment with paclitaxel alone. Furthermore, ATG7 siRNA could not increase paclitaxel sensitivity in parental HeLa cells ( Figures 3I and J) . In conclusion, our data suggested Differentially expressed proteins between HeLa and HeLa-R cells identified by 2-DE and ESI-Q-TOF MS/MS. In order to study the molecular mechanisms underlying chemoresistance-associated autophagy, two-dimensional gel electrophoresis (2-DE) for HeLa and HeLa-R cells was repeated three times, respectively. The image assessment was conducted by using PDQuest 6.1 software and demonstrated that these 2-DE pictures were reproducible ( Figure 4a ). Proteins that were differentially expressed were defined as statistically significant based on two principles: (1) recurrence more than two times in the three repeated tests and (2) protein intensity changes 42.0-fold (Student's t-test, Po0.05). Based on these principles above, 42 unique proteins were identified by electrospray ionization quadrupole time-of-flight (ESI-Q-TOF)-MS/MS, as shown in Table 1 . According to their biological functions and subcellular localization, the classification of altered proteins was shown in Figures 4b and c.
Significant alterations were found in a group of metabolic proteins (35% of total 42 proteins). These proteins function in diverse metabolic processes, such as glycolysis, tricarboxylic acid cycle, oxidative phosphorylation and so on. To study whether the proteomics identification of these metabolic proteins corresponded to alteration at the translational level, six proteins (PKM2, LDHA, ALDOC, TPI1, MDH1 and UQCRC1) were chosen for validation by western blot. The expression levels of these proteins agreed with the changes in 2-DE maps (Figure 4d ). The data suggested that there may be the switch of cellular metabolism from tricarboxylic acid cycle to glycolysis in HeLa-R cells (Warburg effect).
Inhibition of glycolysis decreased autophagy and resensitized HeLa-R cells to paclitaxel. To investigate whether glycolysis affected autophagy and facilitated A total of 42 spots (marked with arrow and number) were identified as differentially expressed and of these, 26 proteins were upregulated, whereas 16 proteins were downregulated in HeLa-R cells. (b) Forty-two distinct proteins were classified into 13 groups based on their biological functions: metabolism (35%), proteolysis (10%), apoptosis regulation (9%), electron transport/redox regulation (7%), molecular chaperone (5%), signal transduction (5%), transcription regulation (5%), calcium ion binding (5%) and so on. (c) The identified proteins were categorized into groups according to their subcellular locations. Among them, 57% of the proteins were located in the cytoplasm and others were located in the nucleus or membrane as indicated. (d) Western blot confirmation of six proteins (PKM2, LDHA, ALDOC, TPI1, MDH1, and UQCRC1). b-Actin was used as an equal loading control paclitaxel resistance, we treated HeLa-R cells with 2-DG (20 mM), an inhibitor of glycolysis, for 48 h in the presence or absence of paclitaxel. We found 2-DG decreased autophagy (Figure 5a ). Corresponding to decreased autophagosomes, cell viability of HeLa-R cells were reduced in 2-DG plus paclitaxel-treated group compared with treatment with paclitaxel alone (2 nM), 2-DG alone (20 mM) and PBS control (Figure 5b ). In addition, apoptosis was enhanced in 2-DG plus paclitaxel-treated group, when compared with the controls (Figure 5c ). In order to further confirm inhibition of glycolysis could decrease autophagy and restore HeLa-R cells sensitivity to paclitaxel, we used KA (a GAPDH inhibitor) to inhibit glycolysis. As shown in Figure 5d , KA could decrease autophagy of HeLa-R cells. Furthermore, cell viability of HeLa-R cells was significantly reduced and apoptosis was increased in KA plus paclitaxel-treated group compared with the controls (Figures 5e and f) . In addition, parental HeLa cells were tested for response to inhibitors of glycolysis. As shown in Figures 5g-j, glycolysis inhibitors (2-DG or KA) could not increase paclitaxel sensitivity in parental HeLa cells. Thus, our data showed inhibition of glycolysis decreased autophagy and resensitized HeLa-R cells to paclitaxel.
Glycolysis activated HIF1-a and inhibition of HIF1-a restored HeLa-R cells sensitivity to paclitaxel. It has been reported that end products of glycolysis could activate HIF1-a-inducible gene expression. The 2-DE data above showed that HIF1-a (Figure 4a , Table 1 Spot NO. 4) was upregulated. In order to validate the expression of HIF1-a in HeLa-R cells, western blot was conducted. As shown in Figure 6a , HIF1-a was obviously upregulated in HeLa-R cells. Moreover, inhibition of glycolysis by 2-DG could decrease the expression of HIF1-a in HeLa-R cells (Figure 6b ). In addition, we used HIF1-a-specific siRNA to transfect HeLa-R cells to inhibit the expression of HIF1-a, then examined the expression of a critical molecule in autophagy pathway-Beclin 1 by western blot. As a result, Beclin 1 was downregulated significantly after inhibition of HIF1-a (Figure 6c) . Moreover, data from electron microscopy and LC3 immunofluorescence also showed similar results (Figures 6d and e) . So HIF1-a is involved in the regulation of chemoresistance-associated autophagy in HeLa-R cells. MTT assay revealed that HIF1-a siRNA plus paclitaxeltreated group could increase paclitaxel sensitivity compared with the controls (Figure 6f ). Flow cytometry showed the significant increase of apoptotic cells in the HIF1-a siRNA plus paclitaxel group compared with the controls (Figure 6g ). These findings showed that glycolysis activated HIF1-a and downregulation of HIF1-a could resensitize HeLa-R cells to paclitaxel.
Increased autophagy and upregulation of glycolytic molecules in clinical tissues from patients who were resistant to paclitaxel chemotherapy. In order to study whether these results above were consistent with clinical samples, fresh tumor tissues were obtain from 6 cervical cancer patients who were resistant to paclitaxel-based chemotherapy and 15 cervical cancer patients who were clinically responsive to paclitaxel-based chemotherapy. This study was approved by the Institutional Ethics Committee of Sichuan University and informed consents were obtained from all patients before analysis. TEM showed autophagy was activated in paclitaxel-resistant tumor tissues when compared with paclitaxel-sensitive tumor tissues (Po0.05) (Supplementary Figure 1sA) . Real-time quantitative RT-PCR was conducted to examine the expression level of PKM2, LDHA, ALDOC and TPI1. As shown in Supplementary  Figure 1sB , the mRNA expression level of PKM2, LDHA, ALDOC and TPI1 in paclitaxel-resistant cervical cancer was significantly higher compared with paclitaxel-sensitive tumor tissues (Po0.05). The data were consistent with our results from HeLa-R cell lines. Thus, Warburg effect activated HIF1-a-mediated signaling-induced autophagic pathway may have an important role in paclitaxel chemoresistance.
Discussion
Paclitaxel is an extensively used anticancer drug for the treatment of many types of cancers, including lung cancer, breast cancer, cervical cancer and so on. Paclitaxel resistance may contribute to the consecutive recurrence and metastasis of cancer, finally causing death. 24, 25 Although many studies have been conducted about the paclitaxel resistance, the specific mechanisms of action involved are still poorly understood.
In this report, paclitaxel-resistant cervical cancer cells (HeLa-R cells) were induced by a stepwise selection of various doses of paclitaxel. Our data showed that autophagy was activated in HeLa-R cells, which was confirmed by formation of autophagosomes, appearance of punctate patterns of LC3 and activation of autophagy genes, including LC3-II, Beclin 1, the Atg12-Atg5 conjugate and Atg7, which are necessary for autophagosome formation. Furthermore, inhibition of autophagy by 3-MA or ATG7 siRNA restored HeLa-R cells sensitivity to paclitaxel. However, 3-MA or ATG7 siRNA could not increase paclitaxel sensitivity in parental HeLa cells. Thus, autophagy, a prosurvival way, could facilitate the development of acquired resistance of paclitaxel. In order to study the underlying mechanism of chemoresistance-associated autophagy, 2-DE combined with ESI-Q-TOF MS/MS identification was utilized to profile differentially expressed proteins between HeLa and HeLa-R cells. In our proteomic study, a series of enzymes involved in energy metabolism were identified with obviously changed expression levels, which may display the switch of cellular metabolism from tricarboxylic acid cycle to glycolysis (known as Warburg effect). Furthermore, our findings showed that inhibition of glycolysis decreased autophagy and resensitized HeLa-R cells to paclitaxel. As it was reported that Warburg effect could promote HIF1-a protein stability and activate HIF1-a-inducible gene expression, 26, 27 it was of particular interest to examine whether expression of HIF1-a was altered in HeLa-R cells. We found HIF1-a was obviously upregulated HIF1-a-specific siRNA could decrease autophagy and resensitize HeLa-R cells to paclitaxel. Finally, increased autophagy and upregulation of glycolytic molecules were found in clinical tissues from patients who were resistant to paclitaxel chemotherapy when compared with paclitaxel-sensitive tumor tissues. The findings need to be further confirmed by more clinical specimens in our next experiments. Taken together, Warburg effect activated HIF1-a-mediated signaling-induced autophagic pathway may have an important role in paclitaxel chemoresistance. Tumor cells are different from normal somatic cells in their metabolic mode, with normal somatic cells depending mainly on mitochondrial oxidative phosphorylation, making use of glucose and oxygen to generate energy. In tumor cells, energy production mainly depends on glycolysis even though oxygen is rich. [28] [29] [30] Although the molecular mechanisms of action underlying the Warburg effect remain obscure, it has been well accepted that increased glycolysis in tumor cells is a very key process to sustain malignant phenotypes. 31 It has been shown that targeting the key enzymes of glycolysis can sensitize cancer cells to chemotherapy. 24, 32, 33 For example, LDH-A is one of the primary isoforms of LDH, which controls the transition of pyruvate to lactate of glycolysis and has a vital role in sustaining energy metabolism of tumor cell. If its action is repressed, the energy-producing task will be transferred to cellular mitochondria that can contribute to increased oxidative stress and promote apoptosis of mitochondrial pathway. Targeting LDH-A by siRNA or oxamate (a competitive inhibitor of LDH-A) could resensitize chemoresistant cells to paclitaxel. 24 PKM2, a very vital enzyme that can regulate aerobic glycolysis, has an important part in cancer metabolism and proliferation. The combination of shRNA targeting PKM2 and cisplatin or docetaxel suppressed lung carcinoma growth and induced more apoptosis of tumor cells both in vitro and in vivo. 32, 33 A finding by proteomic analysis in our study is that the key proteins of tricarboxylic acid cycle (such as MDH1 and UQCRC1) were downregulated, while the key proteins of glycolysis (such as PKM2, LDHA, ALDOC and TPI1) were upregulated, which may display the switch of cellular metabolism from tricarboxylic acid cycle to glycolysis.
HIF1 is a heterodimer composed of two subunits, HIF1-a and HIF1-b, both of which are constitutively expressed in mammalian cells. 34 The regulation of the HIF1 complex is mainly dependent on the degradation of the HIF1-a subunit. HIF1-a activation is highly associated with tumor cell growth, metastasis and poor clinical prognosis. 35, 36 It has been reported that end products of glycolytic metabolism can promote HIF1-a protein stability and activate HIF1-a-inducible gene expression. 27 Moreover, glycolysis can contribute to induction of HIF1-a in a hypoxia-independent way by several endocrine agents and environmental toxins. 37, 38 Our findings agreed with what was reported before. HIF1-a was obviously upregulated in HeLa-R cells and HIF1-a-specific siRNA could resensitize HeLa-R cells to paclitaxel.
In conclusion, a possible novel Warburg effect activated HIF1-a-mediated signaling-induced autophagic pathway is proposed, which may provide new insight into paclitaxel chemoresistance.
Materials and Methods
Cell culture and reagents. HeLa (from American Type Culture Collection, Manassas, VA, USA) and HeLa-R cells were cultured at 37 1C in DMEM in a humid incubator with 5% CO 2 .
Reagents used in this study were: 3-MA (M9281) was purchased from SigmaAldrich ( Establishment of HeLa-R. HeLa cells were seeded in six-well plates and were allowed to reach about 80% confluency in fresh medium before treating with paclitaxel. The dose of paclitaxel begun with 0.04 nM (about 1/50 IC50, IC50: 1.87 nM in HeLa cells), and it was increased by a dose gradient that was 25-50% of the previous dose. The next dose was given until the cells were stable in proliferation without significant death.
Cell viability and proliferation assays. For the proliferation assay, cells were seeded at 5 Â 10 3 cells per well in 96-well plates. Afterward, medium containing agents were added to each well and cells were further cultured at 37 1C for the indicated times. Cell viability was examined by MTT test and neutral red uptake cytotoxicity assay. The results were from three independent experiments of each group.
Cells were trypsinized and replated in 24-well plates at a density of 10 000 cells per well. Cells were incubated for 24 h to allow for attachment, after which a zero time point was determined. Afterward, medium containing agents were added to each well and cells were counted at days 0, 3, 6 and 9 with a Coulter Counter (Coulter Electronics, Inc., Hialeah, FL, USA). All assays were performed at least three times in duplicate.
Flow cytometry. Flow cytometric analysis was performed to identify sub-G1 cells/apoptotic cells and to measure the percentage of sub-G1 cells after propidium iodide (PI) staining in hypotonic buffer as described. 39, 40 Briefly, cells were suspended in 1 ml hypotonic fluorochrome PI solution (50 mg/ml PI in 0.1% sodium citrate plus 0.1% Triton X-100) containing 0.5 mg/ml RNase A, and the cells were analyzed by the use of a flow cytometer (ESP Elite, Beckman Coulter, Fullerton, CA, USA). Apoptotic cells appeared in the cell cycle distribution as cells with DNA content of less than that of G1 cells.
Electron microscopy. Cells were harvested, pelleted and fixed in paraformaldehyde, 0.1% glutaraldehyde in 0.1 M sodium cacodylate for 2 h, postfixed with 1% OsO 4 for 1.5 h, washed and finally stained for 1 h in 3% aqueous uranyl acetate. The samples were then rinsed with water again, dehydrated with graded alcohol (50%, 75% and 95-100% alcohol) and embedded in Epon-Araldite resin (Canemco, St. Laurent, QC, Canada; 034). Ultrathin sections were cut on a Reichert Ultramicrotome, counterstained with 0.3% lead citrate and examined on a Philips EM420 transmission electron microscope (Philips, Eindhoven, The Netherlands). Values for the area occupied by autophagic vacuoles and the cytoplasm were obtained with Image Pro Plus version 3 (Media Cybernetics, Silver Spring, MA, USA) and used for the calculation of the cytoplasmic area occupied by the autophagic vacuoles.
Immunofluorescence of LC3. Treated cells were washed with PBS and then fixed with paraformaldehyde (4% w/v). After rinsing in PBS, the cells were blocked with 0.1% Triton X-100 containing 1% bovine serum albumin in PBS for 1 h. This was followed by incubation in LC3 antibody (Abcam, ab58610) for 24 h at 4 1C in a humidified chamber. After three washes in PBS, the cells were incubated in secondary antibody conjugated to HRP for 2 h at room temperature. Finally, cells were rinsed in PBS, coverslipped and examined with fluorescence microscopy.
siRNA preparation and transfection. Atg7 and HIF1-a knockdowns were accomplished by transfecting cells with siRNA. Atg7 and control siRNA were
